Abstract
Many important intracellular biochemical reactions are modulated by transition metals, typically in the form of metalloproteins. The ability to carry out selective transformations inside a cell would allow researchers to manipulate or interrogate innumerable biological processes. Here, we show that palladium nanoparticles trapped within polystyrene microspheres can enter cells and mediate a variety of Pd0-catalysed reactions, including allylcarbamate cleavage and Suzuki-Miyaura cross-coupling. The work provides the basis for the customization of heterogeneous unnatural catalysts as tools to carry out artificial chemistries within cells. Such in cellulo synthesis has potential for a plethora of applications ranging from cellular labelling to synthesis of modulators or inhibitors of cell function.
Main text
Cellular biochemistry is governed by a wide range of enzymatic entities, with the complex cellular machinery engineered to perform a myriad of diverse chemical reactions [1, 2] . Many of these reactions are catalysed by transition metals, typically in the form of metalloproteins [3] [4] [5] , which modulate a wide variety of transformations, from highly selective oxidations to the efficient formation, lysis or isomerization of multifarious chemical bonds [1, 2] . In this context, many groups have taken advantage of the properties of these proteins with the generation of bio-inspired devices, based on coordination complexes aimed at mimicking biological function [6] [7] [8] [9] [10] [11] . Bioorganometallic chemistry has therefore evolved as a fascinating field, full of possibilities and creative applications, ranging from highly selective chemistries to the manipulation and in situinterrogation of innumerable biological processes [12] [13] [14] [15] [16] . A fluorogenic chemosensor for the in vivo detection of Pd 2+ species has recently been described [17] , but the use of Pd 0 catalysts to synthesize exogenous materials in cells has never been explored.
Of significant relevance is the work of Meggers, who described a water-soluble ruthenium complex that rapidly enters cells and performs an allylcarbamate cleavage from bis-N,N′-allyloxycarbonyl rhodamine 110 (1) (ref. 18) , and proving to be non-toxic to cells during the short duration of the experiment. We reasoned that the use of a purely heterogeneous catalyst in the form of an 'artificial organelle' would allow the long-term cytoplasmic presence of metals with minimal leakage and toxicity (many transition metals, including palladium [19] , trigger cell death [20] ). This would then allow the exploration of challenging metal-catalysed reactions inside a cell.
Results and discussion
Encouraged by the vast possibilities and applications of palladium chemistry [21] , the preparation of a bio-friendly internalizable Pd 0 -based heterogeneous catalyst was undertaken. This was achieved through the application of two technologies. First, a microsphere (500 nm) mediated delivery system was used that had previously been applied in both cellular labelling and intracellular delivery of biomaterials, showing remarkable cellular biocompatibility and exonuclear localization [22] [23] [24] [25] [26] . The second technology involved the application of palladium nanoparticles entrapped within crosslinked resin beads, which have been shown to operate catalytically in a truly heterogeneous manner [27] .
This innovative catalyst-loaded delivery system was synthesized as shown in Fig. 1 . Amino-functionalized polystyrene microspheres (500 nm) were synthesized by dispersion polymerization from styrene-based monomers as previously described. [22] The electron-rich microsphere network binds Pd 2+ by coordination to the free amino groups and aromatic rings, while reduction of Pd 2+ to Pd 0 leads to aggregation and the generation of Pd 0 nanoparticles (Fig. 1 ). Analysis of the resulting microspheres by transmission electron microscopy (TEM) showed palladium nanoparticles evenly distributed on the microsphere (Fig. 1b,c) , with the presence of the Pd 0 confirmed by powder X-ray diffraction (XRD) analysis (Fig. 1d) . To demonstrate the catalytic activity of the microsphere-captured Pd 0 nanoparticles, the bis-N,N′-allyloxycarbonyl rhodamine 110 (1) used by Meggers [18] [22] were treated with Pd(OAc) 2 for 3 h to ensure uptake and interaction with the beads. The coordinated Pd Although the microspheres have shown remarkable cellular compatibility and have been widely used as a highly efficient cellular delivery vehicle for a variety of materials [22] [23] [24] [25] [26] , the presence of Pd 0 on the beads required an investigation of their biological compatibility. Pd To Supplementary Fig. S22 ). Alloc protection led to a measurable reduction in the cytotoxic properties of this chemically modified derivative relative to free amsacrine, a fact that was used to investigate if amsacrine could be released in situ by the catalytic activity of cell-containing Pd 0 microspheres. Cells incubated with alloc-protected amsacrine showed up to a sevenfold increment of cytotoxicity in cell cultures preloaded with Pd 0 microspheres.
Making C-C bonds within cells
The Suzuki-Miyaura cross-coupling of arylboronates or esters with aryl halides (or triflates) in the presence of Pd 0 permits ready access to a spectacular range of biaryls [29, 30] . To explore the intracellular formation of a carbon-carbon cross-coupled product, an unambiguous fluorescence-detectable cell-based experiment was designed, based on the palladium-mediated synthesis of a fluorescent dye (anthofluorescein [31] ) via an aryl-aryl cross-coupling reaction (Fig.   3a) . The lipophilic non-fluorescent mono-triflate 3, containing a fluoran-based pro-fluorophore, and the alkylaminophenylboronate 4 were therefore synthesized. Cross-coupling of these two components would restore the π-electron conjugation of the fluoran polycycle 3 by opening of the lactone, resulting in molecular fluorescence while at the same time localizing the product 5 to the mitochondria due to the presence of a triphenylphosphonium moiety (lipophilic cations direct accumulation of several hundredfold within mitochondria [32] ). The Pd 0 microspheres could be identified, because they did not co-localize with the mitochondria tracker dye or the nucleus stain, thus corroborating their cytoplasmatic location ( Fig. 3c ; Supplementary Figs S16 and S17). This experiment represents the first non-enzymatic aryl-aryl bond formation ever achieved within living cells. which was imaged using a 550/20 nm emission filter together with compound 5.
Suzuki-Miyaura dye in cellulo synthesis was initiated by the incubation of fluorescently labelled Pd
In conclusion, the first Pd 0 -based heterogeneous catalyst with the ability to cross cell membranes, stay harmlessly within the cytoplasm for days, and carry out artificial chemistry has been described. This engineered pseudo-organelle demonstrated intracellular catalytic activity towards exogenous materials, allowing chemistry never before achieved within cells to be performed, such as the Suzuki-Miyaura cross-coupling reaction. This investigation provides the basis for the customization of heterogeneous unnatural catalysts as tools for creative applications in chemical biology (such asin situ labelling of cellular structures), pharmacology (for example, in cellulo pro-drug activation of hydrophilic molecules with low cell penetrability for functional screening in cellular disease models) and, potentially, in medicine (for example, the systemic administration of a pro-drug with local activation via implant-captured catalysts).
Methods
Pd 0 microsphere synthesis: Aminomethyl polystyrene microspheres were prepared as previously described 22 .
Microspheres ( 
